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10.1
Introduction
Thermoplastic polymers reinforced with layered silicates can exhibit excellent
Q1
Q2
physical and mechanical performance at ﬁller contents typically lower than 5% in
weight. Each individual clay sheet is hundreds to thousands of nanometers long
and wide and has a thickness in the nanometer scale. Thus, its surface is quite
substantial, of the order of hundreds of square meters per gram, yielding speciﬁc
characteristics to the nanocomposite. However, as layered silicates are usually
available as stacks of tactoids and their hydrophilic character is incompatible
with the hydrophobic nature of polymers, dispersion into individual monolayers
is diﬃcult and has been the focus of intense research.
This chapter starts with a brief overview of the morphology and properties
of polymer–clay nanocomposites, as well as of their preparation methods and
characterization techniques. The use of near-infrared (NIR) spectroscopy for
the characterization of dispersion in polymer nanocomposites is then discussed,
with a focus on the application of inline techniques to monitor the preparation of
polymer–clay nanocomposites by melt compounding.
10.2
Morphology and Properties
Simple mechanical mixing of a polymer with a silicate does not necessarily yield
a nanocomposite. Depending on the interaction between polymer and clay sur-
face, as well as on the thermomechanical environment created during mixing,
separation of the clay stacks into discrete uniformly dispersed sheets may not
be attainable [1–9]. Figure 10.1 shows a schematic representation of the possible
polymer-clay composite morphologies resulting from mixing.
Immiscible composites are a consequence of the inability of the polymer to
intercalate into the interlayer spacing (i.e., clay galleries). The clay remains in
its agglomerate state, creating a micron-size dispersed phase. The properties of
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Figure 10.1 (a–c) Possible polymer–clay nanocomposite morphologies [9].
such materials are comparable to those of traditional microcomposites. The most
beneﬁcial morphologies are those maximizing polymer–clay interactions by
producing a large interfacial area [9, 10]. They include intercalated and exfoliated
systems.The term intercalation is associated with the polymer chains going in the
interlayer, resulting in a multilayer ordered morphology. Intercalation increases
interlayer spacing to approximately 2–4 nm [2, 3, 7]. Exfoliation corresponds
to the complete delamination of all clay platelets. In this case, their separation
exceeds 8–10 nm [2–4, 7]. In practice, most polymer–clay nanocomposites,
particularly those prepared by melt mixing, have an intermediate morphology,
comprising intercalated clay tactoids and exfoliated platelets [3, 7, 11–14].
High dispersion levels maximize polymer–clay interactions, enhancing
mechanical properties, ﬂame retardancy, and thermal stability, lowering perme-
ability, and improving the catalytic eﬀect on biodegradability of biodegradable
polymers, while keeping optical transparency, low density, and processability
[3, 8, 15–18].
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10.3
Preparation Methods
Polymer–clay nanocomposites are obtained by intercalating polymer or
monomer inside the galleries in between silicate layers, which will eventually lead
to the delamination of individual platelets. The most important manufacturing
routes are [2–4, 15–18] as follows:
1) Solution intercalation (of polymer or prepolymer) : This is a solvent-based
method, in which the polymer solution replaces a suitable previously
intercalated solvent. When using organic solvents, clay stacks can be easily
dispersed. The polymer is adsorbed onto the layer surfaces, and on evapora-
tion of the solvent the clay platelets return to equilibrium, ﬁxing the polymer
chains inside the galleries.
2) In situ polymerization: This was the ﬁrst method used to prepare nylon 6-
clay nanocomposites. It encompasses swelling of the modiﬁed clay by a liquid
monomer ormonomer solution, followed by polymerization triggered by heat
or radiation, assisted by the diﬀusion of a proper initiator or catalyst that was
previously ﬁxed in the interlayer spacing by cationic exchange.
3) Melt mixing: In this case, clay and polymer are mixed in the molten state.
Under the appropriate conditions, the polymer melt diﬀuses within the clay
galleries, forming the nanocomposite. The process can be carried out in con-
ventional polymer compounding equipment, representing a cost-eﬀective
and environmentally sound solution for the industrial scale production of
polymer nanocomposites.
10.4
Characterization Techniques
Transmission Electron Microscopy (TEM) and X-ray diﬀraction (XRD) are the
most commonly used techniques to characterize polymer–clay nanocomposites
[2, 19–23]. TEM oﬀers a direct observation of clay dispersion enabling, for
example, to determine agglomerates/particle size and number of stacks/platelets
per area. However, the technique analyzes only very small areas, requires time-
consuming sample preparation, and quantiﬁcation of morphology is tedious
[2, 20, 21]. XRD presents a clear region of interest at low angles, because of the
clay typical of Bragg’s diﬀraction peak, from which the clay spacing and the
stacks’ height may be estimated. However, XRD fails to provide information on
the spatial distribution of the clays within the matrix and is prone to interferences
[2, 19–21]. Indeed, many factors, such as clay loading, orientation, and crys-
tallinity, inﬂuence XRD intensity peaks. Eﬀorts to develop a quantitative analysis
of clay dispersion have combined TEM and XRD [22, 23]. The approach makes
sense, as each technique is able to ﬁll in the information gap of the other (see
Figure 10.2, which shows TEM and XRD data for diﬀerent stages of dispersion
of a speciﬁc polymer–clay nanocomposite [20]). However, if the results are
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Figure 10.2 (a–c) Diﬀerent states of clay dispersion, as observed by TEM and correspond-
ing XRD spectra [20].
encouraging at local level, perceiving the overall state of clay dispersion of a given
system would require an extremely time-consuming study [2, 20, 21].
As the rheological response of ﬁlled polymers is sensitive to structure, particle
size, and shape, as well as interfacial characteristics, it is not surprising that it has
been one of the most utilized tools for the characterization of nanocomposites
[23–28]. Several authors have successfully related the rheological behavior with
the state of dispersion [12, 14, 23, 25–30], while others used it to appraise distri-
bution and structural eﬀects [16, 23, 26–29].Themagnitude of the storage or loss
moduli (G′ and G′′) in the linear viscoelastic regime provides a good insight into
dispersion quality, an increase of their values corresponding to ﬁner dispersion
[29], while the development of a plateau at low frequencies has been attributed
to the deformation and recovery of dispersed particles [27–33]. Nevertheless, a
quantitative analysis of ﬁller dispersion based on rheological measurements is not
frequently reported, as it is not easy to discriminate the eﬀects of ﬁller concentra-
tion and dispersion state on the rheological behavior [27, 31].
Recently, Lertwimolnun andVergnes [12, 14, 29] proposed the use of amodiﬁed
Carreau–Yasuda model with yield stress (σ0) to describe the frequency depen-
dence of the absolute complex viscosity:
|𝜂∗ (𝜔)| =
𝜎0
𝜔
+ 𝜂0[1 + 𝜆𝜔𝑎]
(𝑏−1)∕𝑎 (10.1)
where zero shear viscosity (𝜂0), relaxation time (𝜆), Yasuda parameter (a), and
power law index (b) are adjustable parameters. As melt yield stress is generally
associated with transition from liquid-like to solid-like behavior, in the case of
clay nanocomposites it can be related to the formation of a percolated network
Trim Size: 170mm x 244mm Mittal c10.tex V1 - 07/18/2014 10:28pm Page 245
10.4 Characterization Techniques 245
500 nm
500 nm
500 nm
500 nm
500 nm
0
10
100
1000
10 000
0.05 0.1
y = 3.88×−1.533
R2 = 0.987
0.15
Q/N
M
el
t y
ie
ld
 s
tr
es
s 
(P
a)
Figure 10.3 Evolution of melt yield stress as a function of ﬁlling ratio (output/screw speed,
Q/N) for PP–clay nanocomposites prepared under diﬀerent operating conditions [12].
structure of intercalated tactoids and exfoliated platelets [24, 28, 31–34]. As
shown in Figure 10.3, Lertwimolnun and Vergnes correlated melt yield stress
with the exfoliation of polypropylene (PP)-based nanocomposites prepared in a
twin screw extruder and were able to quantitatively study the eﬀects of operating
parameters and material characteristics on dispersion. Alternatively, a power law
expression for the complex viscosity (𝜂∗) has been utilized for the low frequency
range and related to clay dispersion [23–28]:
|𝜂∗ (𝜔)| = 𝐾𝜔𝑏 (10.2)
where power law index (b) and consistency (K) are adjustable parameters. Yet, the
same dependence was found for high clay loading in a poorly dispersed composite
and for good clay dispersion at lower clay concentration [23, 26].
Several spectroscopic techniques, such as nuclear magnetic resonance (NMR)
and Fourier transformed infrared spectroscopy (FT-IR), have also been used
to characterize morphology, surface chemistry, and dynamics of exfoliated
polymer nanocomposites. VanderHart et al. [35–38] used solid state 1H-NMR
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to evaluate the degradation of the organic clay modiﬁer through resonance
positions. Also, considering the paramagnetic spin eﬀects of the metallic cations
present in the chemical composition of the clay, they utilized the relaxation spin
times (T1H) measured by 13C-NMR to evaluate clay dispersion. In principle, if
the clay is poorly dispersed, the greater is the average distance between each
polymer–clay interface and the weaker is the average paramagnetic contribution
to T1H. According to some authors [4, 39–42], FT-IR is not only adequate to
monitor clay dispersion, but is more eﬃcient than XRD, as it can overcome the
limit interlayer distance of 8 nm inherent to the latter, and less time consuming
than TEM. In a FT-IR spectrum, the clay layers are easily diﬀerentiated from
the polymer because of their Si-O bonds, causing a pronounced band between
1300 and 900 cm−1. This band can be decomposed in at least four peaks, three
of which are related to the Si-O in-plane vibrations (or bonds with basal oxygen)
and one to the Si-O− out-of-plane vibration (with apical oxygen or hydroxyl
group). The former appear at about 1120, 1050, and 1020 cm−1, whereas the
out-of-plane vibration peak appears at about 1075 cm−1 [39, 41–44]. The area
(or height) of the in-plane peaks ratio (1050 cm−1/1020 cm−1) increases with
increasing interlayer spacing (intercalation), while the intensity of the peak at
1075 cm−1 rises with the spacing out of the individual clay layers (exfoliation).
Also, when the morphology is ordered and intercalated, the original peak at
1050 cm−1 will display a negative shift toward lower wavenumbers, while that
at 1075 cm−1 will shift toward higher wavenumbers for high intercalation or
partial exfoliation [39, 40, 42]. Because of the trichroic clay behavior, preferential
particle orientation may induce misleading conclusions in terms of interca-
lation/exfoliation levels. This can be overcome with the use of a polarizing
lens [39, 42], which enables the measurement of spectra with diﬀerent dipole
moments.This is necessary for the subsequent calculation of the structural factor
(SF) spectrum, which is equivalent to the spectrum with no preferential clay
orientation.
Finally, tensile testing directly determines the reinforcing eﬀect of the nanosil-
icate [2, 11, 15, 20], although the exact correlation with clay dispersion remains
unclear. The reinforcing aptitude depends on several parameters, including the
level of adhesion between ﬁller and matrix, nanoparticle size and aspect ratio
(individual layers, stacked layers, or tactoids), and nucleating role of the clays
(which can signiﬁcantly change matrix crystallinity). Early studies [45] showed
a direct dependence of the reinforcing eﬀect on clay dispersion, which was con-
ﬁrmed by others [7, 46] mainly for nanocomposites containing high polarity poly-
mer matrices. For nonpolar matrices (like polyethylene or PP), incorporation of
a maleated compatibilizer is often required to increase polymer-clay adhesion,
thus maximizing the dispersion potential. However, it appears that beyond a crit-
ical concentration, the content of MA (maleic anhydride) is damaging, as the clay
reinforcing eﬀect is not able to exceed the reducedmechanical performance of the
highly modiﬁedmatrix. Bousmina [11] applied various shearing levels to the same
polymer–clay system, obtaining nanocomposites with diﬀerent dispersion states,
as conﬁrmed by TEM. Yet, as presented in Figure 10.4, the fully exfoliated sample
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Figure 10.4 Polymer–clay nanocomposite showing diﬀerent dispersion levels and
respective Young’s modulus [11].
exhibited an intermediate value of the Young’smodulus.The author attributed this
behavior to the ﬂexibility of the individual clay sheets.
10.5
Dispersion in Melt Mixing
As Vaia et al. [47] demonstrated, polymer–clay nanocomposites can be obtained
by directmelt intercalation, with attention concentrated on this route following its
industrial relevance [6, 13, 47]. Proper dispersion is achieved when the intrinsic
cohesive forces between clay layers are surpassed by the hydrodynamic stresses
exerted by the polymer melt [3, 11]. Hence, extensive dispersion develops when
four basic conditions are met: (i) an enthalpic driving force must exist for the
polymer to penetrate the clay interlayer; (ii) the interlayer space should be at least
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of the same order of magnitude of the diameter of the polymer macromolecular
coil; (iii) suﬃcient residence time must be secured for diﬀusion; and (iv) a balance
between stress and strain should occur, in order to attain a thermodynamically sta-
ble structure. During melt compounding, several parameters (screw speed, feed
rate, set temperature, screw geometry) can inﬂuence these conditions, and con-
sequently the resulting dispersion level [2, 3, 7, 11–15].
In recent years, the eﬀects of matrix viscosity/molecular weight [48–50],
chemical aﬃnity of the polymer-clay interface [11, 31, 50–53], type of mixer
and mixing protocol [7, 13, 54, 55], and operating conditions (screw speed
(N) and throughput (Q)) have been investigated [7, 12, 14, 29]. For example,
for a polypropylene/polypropylene grafted with maleic anhydride/Cloisite 20A
(PP/PP-g-MA/C20A) system, Lertwimolnun and Vergnes [12] concluded that
higher exfoliation is achieved with low Q/N ratios, that is, higher screw speeds
and lower feed rates (Figure 10.3). It is well accepted that the dispersion mech-
anism of organoclays combines the diﬀusion of the polymer chains within the
clay galleries (intercalation) and the exertion of suﬃcient mechanical forces to
delaminate the individual platelets (exfoliation). Generally [7, 11, 54]:
• Intercalation is nearly independent of processing conditions, but suﬃcient res-
idence time is critical to enable polymer melt diﬀusion inside the layer spacing;
• Exfoliation is extremely dependent on the chemistry, aswell as on themechanics
and physics of the melt mixing process;
• A balance between time for diﬀusion and deformation (shear or extensional) for
exfoliation is required;
• Ifmeltmixing conditions favor high polymer chainmobility and if proper chem-
ical aﬃnity exists, exfoliation can develop even at low shear rates.
Dennis et al. [7] proposed a dispersion mechanism that includes a diﬀusion-
controlled route during which shear-controlled fracture of the organoclay
particles takes place, along with the sequential intercalation of the polymer, or
the peeling of the individual clay layers from the top and bottom ends of each
clay stack [3, 7]. The ﬁrst pathway is chemistry dependent: if the compatibility
between clay surface and matrix is high, well-exfoliated nanocomposites can
be prepared for virtually any set of processing conditions [7]. This hypothesis
has been proposed in most studies of polyamide-based nanocomposites [17, 18,
20, 25, 30, 38, 56, 57]. The second route is valid for marginally compatible
polymer–clay systems, which is the case of most polyoleﬁn-based systems
[12, 14, 19, 29, 52, 54]. Under these circumstances, both chemical aﬃnity and
processing conditions should be optimized in order to attain enhanced clay
dispersion. The third route presumes no compatibility between clay and matrix.
Although processing conditions can be adjusted, it will be diﬃcult to reach a
nanoscale dispersed phase. Increasing shear should lead to improved dispersion
through sliding of adjacent platelets (this requires high shear intensity), followed
by diﬀusion of the polymer chains into the clay galleries and partial peeling of
the platelets, starting from the edges. More recently, Bousmina [11] showed
that the diﬀusion of polymeric chains inside the clay galleries is improved under
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Figure 10.5 Eﬀect of feed rate on the variation along the extruder of interlayer spacing (a)
and melt yield stress (b) [14].
mild shearing conditions (or in a medium to low viscosity matrix) applied
during suﬃcient time, whereas extensive exfoliation requires a high level of
shearing/deformation.
Most of the above studies involved small-scale experiments [11, 49, 52] and/or
the characterization of samples collected after completing mixing [29], for
example, at the extrusion die exit [7, 13]. The evolution of clay dispersion along
an extruder, where a complex nonisothermal 3D ﬂow develops, seems to be less
well understood. Lertwimolnun and Vergnes [12, 14] characterized postmortem
samples collected from various locations along the axis of a corotating twin
screw extruder (TSE). They concluded that both intercalation and exfoliation
can reach relatively high levels immediately after melting. They also observed
that less restrictive screw proﬁles yielded better dispersion levels. Furthermore,
depending on the combination of screw proﬁle and operating conditions, these
authors observed an apparent reversion of dispersion evolution along the screw.
This is illustrated in Figure 10.5 for the eﬀect of feed rate. The graph on the left
presents the evolution of the interlayer spacing (d001), as determined by XRD,
which is associated with intercalation.The plot on the right presents the progress
of melt yield stress, which is linked to exfoliation.
10.6
Online and Inline Monitoring of Dispersion
During practical compounding and processing, the parameters that are contin-
uously monitored (typically temperature, melt pressure, and motor torque) do
not provide suﬃcient information on the characteristics of the system being pro-
cessed.Thus, the possibility of assessing in real time the dispersion of a nanocom-
posite on processing is an important scientiﬁc and technological target, as it can
be used to assist the deﬁnition of material recipes, the optimization of operat-
ing conditions and/or screw design, as well as for quality control and, ultimately,
process control.
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Implementing several of the characterization techniques discussed above as
process monitoring tools seems a diﬃcult and expensive task. XRD is feasible
[58], but entails substantial modiﬁcations of the processing equipment and,
eventually, the use of synchrotron radiation [59–65]. Rheology has been a more
viable alternative, with academic teams [66–72] and rheometer manufacturers
[56, 57, 73, 74] attempting to develop reliable, precise, simple to operate, and
economically attractive inline and online equipments. Inline ﬁxtures are pre-
ferred, as they avoid melt bypasses [66, 68–71, 75], but are obviously more
diﬃcult to design. Generally, they consist of modiﬁed dies. Most commercial
solutions use capillary or slit rheometers to provide online measurements [56, 73,
74] between extruder and die and involve the continuous deviation of the melt
from the main ﬂow to the rheometer, as set by means of a gear pump. Online
solutions seem easier to adapt to the diﬀerent processing equipments and, at
least conceptually, could also be ﬁxed upstream, along the barrel of the extruder.
Then, it would become possible to monitor the evolution of dispersion along the
extruder axis. In this regard, the Piezo Axial Vibrator is interesting, as its feed
port has the standard geometry of a melt pressure transducer [57]. Generally,
online devices should (i) minimize the time lag between sample collection and
measurement; (ii) prevent material morphology changes both during sampling
and measurement; (iii) enable measurements along the axis of the extruder; and
(iv) be capable of performing measurements at temperatures diﬀerent from the
processing temperature.
Taking advantage of the modular construction of most corotating TSEs, Covas
et al. [67] developed an online capillary rheometer that can be ﬁxed at diﬀerent
axial locations and is capable of quickly collecting material samples from within
the extruder. The device was successfully used to study the viscosity evolution
along the screw of various polymer systems, thus contributing to better under-
stand the corresponding mixing and/or chemical mechanisms. Later, an online
rotational rheometer, capable of working either in steady shear or oscillatory
mode, was built [72]. The authors measured the evolution of the rheological
moduli (G′ and G′′) of a noncompatibilized and equivalent compatibilized
polymer blend. It was shown that the use of online rheometry reduces the eﬀects
of degradation and morphology alterations that can take place during sample
collection and subsequent preparation for oﬄine characterization, because of the
successive thermal cycles that the samples are subjected to. An improved auto-
mated version of the prototype was applied to the rheological characterization
of a polypropylene/polypropylene grafted with maleic anhydride/Dellite 67G
(PP/PP-g-MA/D67G) nanocomposite along the axis of an extruder [76]. The G′
and G′′ curves depicted in Figure 10.6, obtained in small amplitude oscillatory
shear (SAOS) at three diﬀerent axial locations (3, 5, and 7, in the downstream
direction) clearly show a plateau at low frequencies and an increase of the moduli
values, that is, of dispersion, as the material progresses along the screws.
Several spectroscopic techniques have also been eﬃciently applied to
online/inline process monitoring [77–80]. These include Raman [81–85], ultra
violet-visible (UV-Vis), ﬂuorescence [83–86], and attenuated total reﬂectance
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Figure 10.6 Linear viscoelastic behavior of PP/PP-g-MA/D67G nanocomposite at 200 ∘C,
measured online at three axial locations (3, 5, and 7, in the downstream direction) along a
corotating twin screw extruder [76].
medium infrared (ATR-IR) [81, 82, 87, 88], ultrasound (US), dielectric probing
[77, 81, 89–91], and NIR spectroscopy [79–81, 92, 93]. Inline monitoring in
polymer processing using NIR is performed mostly in transmission mode, using
a ﬂow-cell ﬁxture attached to a modiﬁed extrusion die [79, 81, 83–85, 94–97],
or to the nozzle of an injection molding machine [93, 98]. The polymer industry
has a tradition of using NIR to monitor polymerization, copolymerization, and
depolymerization reactions [96, 97, 99–104], particle size control [96, 105, 106],
and other polymer-related operations [79, 81, 84, 93, 95, 99]. NIR is also com-
monly used to characterize clay minerals, to study their chemical modiﬁcation,
adsorption mechanisms [107–110], and structure [111, 112]. In the polymer
nanocomposites ﬁeld, NIR has been utilized to study the reinforcement eﬀect of
the clay [113] and to monitor melt processing [78, 98, 114]. In the ﬁrst case, NIRQ4
spectrameasured oﬄine showed a direct correlationwith the reinforcement eﬀect
determined by melt extensional measurements. Moghaddam et al. [98] used NIR
to follow the preparation of thermoplastic polyurethane (TPU) nanocompositesQ5
in a small-scale extruder. A decrease of typical urethane bonds during processing
was detected and attributed to the softening of hard segments during the initial
4–6min and to the degradation of TPU [98]. Witschnigg et al. [114] ﬁxed an
NIR probe between extruder and die to study the eﬀect of screw speed and screw
geometry on the properties of polymer–clay nanocomposites. Single parameter
chemometric models based on Young’s modulus, interlayer distance, and drawing
force were developed, good correlations with measured values having been
obtained in some cases. However, conﬁdence on the calibration lines seemed
insuﬃcient to perform a quantitative analysis. Recently, Fischer et al. [78] coupled
NIR, US, and Raman probes to a bypass adapter ﬁxed between extruder and die
to monitor the preparation of nylon-6 nanocomposites with several organoclays.
The correlation between NIR spectra and level of dispersion was based on a single
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parameter chemometric model, using the shear thinning power law index, as
proposed by Wagener et al. [25], good results having apparently been obtained.
Because of the complexity of NIR spectra, adequate chemometrics seems essen-
tial to extract from the data asmuch relevant information as possible. Chemomet-
rics is a step-by-step methodology aiming to develop a calibration model relating
the NIR spectral data with the reference characterization parameters [115–118].
To guarantee eﬀective predicting capabilities, it must encompass model develop-
ment and validation [117, 119]. The multivariate calibration technique uses the
entire spectral structures, instead of a single spectral data point, to oﬀer broader
information, and thus detect even minute diﬀerences in the sample spectra [116,
119]. During model development, a predeﬁned group of samples (usually des-
ignated as “training samples”) is used to compute the calibration curve, which
directly yields the analyte property from the respective spectra. To ensure pre-
cision, the degree of correlation between spectral and reference data should be
high. For this purpose, a cross-validation step attests the quality of the adjustment
of the data points to the calibration curve. More speciﬁcally, a certain number of
the training samples are selected and the predicted property is compared with
the reference values [116, 119]. Finally, the calibration model can be used to pre-
dict the characteristics of unknown samples.Therefore, chemometrics represents
both NIR major advantage and limitation, as an adequate chemometric analysis
may require extensive experimental characterization and data treatment, as well
as the development of multiparameter calibration models [115–119].
The authors used a commercial NIR setup and a comprehensive calibration
model to monitor clay dispersion in a polymer matrix, both in terms of evolu-
tion in time and ﬁnal level attained, in a Haake batch mixer and in a corotating
TSE. The system comprises three main components (Figure 10.7): (i) a diﬀuse
reﬂectance probe (Axiom Analytical Inc.) with a sapphire window having a diam-
eter of 5.7mm; (ii) a Matrix® F (Bruker Optics) spectrophotometer; and (iii) the
OPUS®Quant2 (Bruker Optics) data acquisition and analysis software.The probe
communicates with the spectrometer via a ﬁber optics cable and the spectrom-
eter connects to the workstation by a LAN-type cable. In the case of the Haake
mixer [120], a threaded hole with Dynisco-type geometry was machined in the
front plate of the mixing chamber to accommodate the NIR probe.The NIR spec-
tra weremeasured with a resolution of 8 cm−1 and accumulation of four scans, the
acquisition time for each spectrum being less than 2 s. During the initial mixing
stages, because of the melting of the matrix and the presence of large voids, the
spectra were generally very noisy and had very low absorbance. Consequently, for
chemometric purposes acquisition started once the onset of equilibrium torque
was reached (this occurred typically after 2min of mixing). Thus, it was possible
to collect 150 spectra during each mixing cycle.
Preparation of a Polypropylene/Polypropylene grafted with Maleic Anhydride/Q6
Montmorillonite/Cloisite 20A system (PP/PP-g-MA/C20A), using diﬀerent
PP-g-MA contents and operating conditions, was adopted as a case study
[120]. To develop a calibration model, the usefulness of parameters derived
from well-established characterization techniques, able to discriminate between
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Figure 10.7 Inline NIR setup and coupling to the Haake mixer.
distinct dispersion levels, was initially evaluated. Single parameter calibration
models from XRD, rheology, FT-IR, tensile testing, or torque data were globally
inadequate. Multiparameter models showed greater potential, particularly
when incorporating suﬃciently performing individual building blocks. Specif-
ically, a 7-parameter model combining parameters from oscillatory rheometry
(G′, G′′, 𝜎0, b), FT-IR (wavenumber shift of the peaks at 1050 and 1080 cm−1),
and thermomechanical data from the mixing equipment (maximum torque)
yielded good results. When applying it to real-timemonitoring of the evolution of
dispersion on the mixing of the same system under distinct operating conditions,
or of the nanocomposite containing diﬀerent levels of compatibilizer, not only
coherent results were obtained, but they also matched well the forecasted values.
As an example, Figure 10.8 presents the evolution in time of torque and predicted
dispersion level for two case studies. The initial spectrum (at 0 s) is close to
zero. As mixing evolves, both the baseline and the signal intensity increase. As
seen in the torque curve, melting starts after around 10–20 s of mixing. The
increase in torque is because of the conversion of a granular ﬂow into that of
a melt suspension with high solids content. Although the NIR signal is weak,
the fundamental peaks are already visible and clay dispersion is predicted to be
initiated. The torque reaches its maximum at about 30 s and decreases thereafter,
as melting progresses. Melting is probably completed at around 90–120 s, but
it is only after mixing for 180 s that a torque plateau is reached, which most
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Figure 10.8 Evolution of torque and (predicted) average dispersion with mixing time
during the preparation of a PP/PP-g-MA/Closite 20A nanocomposite in a Haake mixer:
(a) 87.5/7.5/5w/w% at 50 rpm and (b) 90/5/5% at 125 and 175 rpm.
likely corresponds to little further changes in dispersion. In fact, it has been
recurrently reported for several systems melt mixed in batch mixers or twin
screw extruders that most of the dispersive mixing takes place on melting, when
the thermomechanical stresses are higher and little evolution being detected
thereafter [121, 122]. Diﬀerences in the NIR spectra up to 180 s are also high,
whereas after that period the spectra are almost superimposed. Thus, the rate of
dispersion is predicted to be higher between 60 and 150 s, a plateau being foreseen
thereafter. The predicted ﬁnal dispersion level (after 180 s) for the sample with
7.5wt% of PP-g-MA is roughly 30%, which connects well with the normalized
average values of the samples with 5% and 10wt% of PP-g-MA, 26.3 and 36.9%,
respectively. It is also in agreement with reports relating the improvement of clay
dispersion in polyoleﬁn matrices with the increase in compatibilizer content [29,Q7
53, 123]. In the case of the 90/5/5 w/w/w nanocomposite, the ﬁnal dispersionQ8
level is predicted to increase with rotor speed (approximately 39 and 59% at 125
and 175 rpm, respectively). Again, these values are in line with the normalized
averages (23.5%, 49.6%, 77.2% for 100, 150, and 200 rpm, respectively) and with
reports showing an increase in dispersion with increasing rotor speed [29, 53].
The study above was performed using a diﬀuse reﬂectance probe, as the adop-
tion of a probe operating in transmission would imply ﬂow of the material out
of the batch mixer. However, it is important to verify if operation in reﬂectance
mode is adequate for practical inline monitoring during extrusion. This was
done for a Polypropylene/Polypropylene grafted with Maleic Anhydride/Organo-
Montmorillonite (PP/PP-g-MA/D67G) system prepared in Leistritz LSM30.34Q9
twin screw extruder [124]. Figure 10.9 shows the spectra in the two modes for a
90/5/5wt% composition, prepared under diﬀerent screw speeds. They are similar
in the region 9000–5000 cm−1, although signal variations in transmission are
more pronounced. In the lower wavenumber region (6000 to 4500 cm−1) the
reﬂection spectra have worse deﬁnition, while the transmission signal shows
some saturation (absorbance above 2.0). Although chemometric models should
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Figure 10.9 NIR spectra of the PP/PP-g-MA/D67G 90/5/5wt% nanocomposite prepared
under diﬀerent screw speeds: (a) Transmission and (b) Diﬀuse reﬂectance.
not be extended to materials or processing conditions outside the range utilized
to create them [123], the samemodel was used here [120], as one would anticipate
that throughput and screw speed are variables inﬂuencing the same dispersion
mechanism.
Table 10.1 ranks the predicted relative degree of dispersion of the samples. Dis-
persion should not increase strictly with output, a maximum being anticipated
at intermediate throughputs. Similar to the eﬀect of screw speed, this behavior
could be because of the conﬂicting eﬀects of higher hydrodynamic stresses and
lower residence times with increasing feed rate. Nevertheless, other factors may
also come into play, as the higher shear rates associated with the higher outputs
boost viscous dissipation and this may trigger polymer degradation. In turn, the
degraded material will become less viscous and could outﬂow from between the
clay platelets, thus delaying or even reducing dispersion. At the same location of
the inline measurement, samples were collected from the extruder and character-
ized oﬄine.
The evolution of clay dispersion along the axis of the same TSE was investi-
gated for a PP/PP-g-MA/D67G system [125, 126], utilizing the diﬀuse reﬂectance
probe (see setup in Figure 10.7) ﬁxed at various axial barrel locations and con-
tacting directly the melt stream. Using the same chemometric model [120], the
predictions along the extruder are presented in Figure 10.10. The evolution is
consistent with the rheological measurements (not shown). For the three screw
Table 10.1 Average dispersion level of PP/PP-g-MA/D67G 90/5/5wt% nanocomposites pre-
pared under various throughputs.
Relative degree of dispersion (± error) (%)
Q (kg h−1) 1.5 3 6 9
NIR prediction 32.0 (± 1.7) 51.6 (± 1.1) 73.0 (± 3.5) 35.4 (± 4.2)
Normalized average 30.1 (± 3.8) 51.0 (± 3.2) 70.1 (± 3.8) 40.4 (± 4.0)
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Figure 10.10 Inline NIR real-time predictions of the evolution along the screw axis of the
average clay dispersion in a PP/PP-g-MA/D67G system, when using three diﬀerent screw
proﬁles (coded SC1, SC2, and SC3).
proﬁles tested (SC1, SC2, and SC3), dispersion evolves fast along the ﬁrst mixing
zone (L/D= 9–11) and then beyond L/D= 11 it either remains roughly constant
or regresses. Reversibility is more signiﬁcant for SC2.
Figure 10.11 displays the eﬀect of screw speed, as determined by inline NIR and
rheometry (melt yield stress, 𝜎0). Inline NIR measurements started at L/D= 10,
when melting appeared mostly completed. As seen in Figure 10.11a, at L/D= 10
dispersion levels are already signiﬁcant (between 37 and 89%, depending on screw
speed) and increase sharply until L/D= 11 (values between 70 and 93%).Thus, dis-
persion evolved rather quickly, simultaneously with completion ofmatrixmelting,
because of the high stresses and deformations generated by the restrictive screw
elements and the local lower material temperatures. This behavior resembles the
evolution of morphology and chemical conversion during in situ compatibiliza-
tion of polymer blends, with high developing rates onmelting [14]. From L/D= 11
onward, a plateau or a decrease in dispersion is predicted, the latter being espe-
cially perceptible in the die. Rheological measurements (Figure 10.11b) were per-
formed from L/D= 11 onward (in this case, it is essential assure a fully molten
matrix), and show the same trend, that is, a constant or lower dispersion along the
second part of the extruder and die (except for the composite prepared at 50 rpm).
At L/D= 11, melt yield stress increases with screw speed, that is, exfoliation is
promoted. Figure 10.11c,d depicts the data of Figure 10.11a,b, respectively, but
normalized to the values measured at L/D= 11. Both indicate that (i) the rate of
dispersion evolution along the screw decreases with increasing shear rate, that
is, at low screw speed, dispersion progresses axially, at intermediate speeds, little
changes take place, at high screw speed, reversion apparently occurs and (ii) ﬂow
along the die has a negative impact on dispersion. This result was globally con-
ﬁrmed by other dispersion assessment techniques, like X-ray and TEM. Reversion
of dispersion with increasing screw speed seems to be induced by the parallel
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Figure 10.11 Eﬀect of screw speed on
the evolution of dispersion of a PP/PP-
g-MA/D67G nanocomposite along the
extruder axis, as determined by: (a) inline
NIR; (b) rheology (melt yield stress); (c) same
data as (a), but normalized to the values
measured at L/D= 11; and (d) same data as
(b), but normalized to the values measured
at L/D= 11.
increase of viscous dissipation and degradation of the clay surfactant. The latter
reduces clay-polymer aﬃnity and, together with the decrease in melt viscosity
aﬀected by viscous dissipation, enables diﬀusion of the polymer chains out of the
clay galleries. Degradation of the clay surfactant could also induce degradation of
the polymer matrix by chain scission, with a further decrease in viscosity. Rever-
sion of dispersion with increasing feed rate was related to relaxation phenomena.
The evolution of dispersion of a polyamide 6-clay nanocomposite and the
eﬀect of operating conditions were also assessed by NIR [127]. The experimental
procedure followed was identical to that for the PP system discussed above.
Figure 10.12 displays the inﬂuence of screw speed and output on ﬁnal clay
dispersion, as determined by XRD, rheology, and inline NIR (Figures 10.12a, c,
and e refer to the eﬀect of screw speed, Figures 10.12b, d, and e portray the
inﬂuence of output). Compounding in the TSE almost doubled the initial
interlayer distance, but the inﬂuence of the operating conditions is complicated.
Rheology and NIR indicate an increase of dispersion up to 100 rpm, followed by
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output on ﬁnal dispersion of a PA6/D43B
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a decrease at upper speeds. This response is somewhat surprising, as increas-
ing shear intensity resulting from higher screw speeds should stimulate inter-
calation [11]. As far as output is concerned, XRD data (Figure 10.12b) indicate
an increase in intercalation with increasing throughput up to 6 kg h−1 (where the
absence of the diﬀraction peak suggests a thoroughly exfoliated morphology), fol-
lowed by a sharp drop when working at 9 kg h−1. Identical trend is observed for
the linear viscoelastic response (Figure 10.12d), with G′ reaching the highest val-
ues for the composite produced at 6 kg h−1 and the lowest for 9 kg h−1. NIR data
(Figure 10.12e) also presents a maximum in dispersion at intermediate feed rates,
even if it occurs at 3 kg h−1.
It has been suggested that low feed rates promote intercalation because of the
longer exposure of the material to hydrodynamic stresses [11]. However, this
rise in residence time could stimulate the degradation of the clay surfactant and,
eventually, of the polymer matrix. Such a phenomenon readily explains the lower
rheological moduli. In turn, the corresponding lower melt viscosity would enable
its draining out of the clay galleries, which could then eventually collapse and thus
justify the lower interlayer distance estimated by XRD. Chemical degradation of
the component(s) could also impact on the evolution of dispersion. Therefore,
an optimum set of operating conditions maximizing ﬁnal clay dispersion seems
to exist.
10.7
Conclusions
In this chapter, the implementation of online and inline monitoring techniques
capable of characterizing average clay dispersion levels during the preparation
of polymer–clay nanocomposites by melt mixing was discussed. Using conven-
tional compounding equipment, such as the Haake mixer and a corotating TSE, it
was demonstrated that amethod usingNIR spectroscopy and suitable chemomet-
rics was able to provide relevant real-time data, which was sensitive to changes in
operating conditions, screw geometry, and material recipe. Also, the procedure
could be readily implemented in industrial production scale. Measurements dur-
ing mixing, or along the axis of the extruder, contributed to better understand the
thermomechanical and chemical aspects involved in the dispersion of organoclays
in polymeric matrices.
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